Abstract: Present work's research goals concern the investigation of optimal inductor design for induction heating applied to a 'tailored' heating forging problem. The first part of this paper shows the advantages of adopting a 'tailored' inductive heating, compared to a homogeneous one. In addition to a significant simplification, results of simulation have shown that it is possible to save energy and enhance the overall efficiency. The developed model was then experimentally validated and used for a more rigorous inductor design. The aim of the second part in fact, is to perform an optimisation procedure in order to design an inductor able to provide the desired 'tailored' temperature profile. 
Introduction
Forging is a manufacturing process involving the shaping of metal using localised compressive forces. The blows are delivered with a hammer or a die. Close-die forging can be employed to channel the flow of metal for producing parts with complex geometry. Forging a billet from an initially 'simple' geometry to a part of 'complex' geometry may require several preform stages. In each stage, a pair of dies must be designed and manufactured. Subsequently, a series of mounting and dismounting die-inserts must be performed in the preform stage. This is often time consuming and costly. Consequently, the die forging of parts with complex geometry is only cost effective for large-batch production, and is inappropriate for 'one-off' or small-batch production. In order to reduce the cost and shorten the time required in manufacturing this type of component, the development of a forming process that can effectively reduce the number of preform stages will be greatly significant (Hua and Lu, 2001) . It is well known that metal is softened when heated up to forging temperature of e.g., 1200°C, and the higher its temperature the more is the softening of the metal. It is not taken into account the secondary hardening effect of some metallic alloys occurring at temperatures at 550-650°C. Making use of this phenomenon, Guo et al. (1997) and Kayatürk et al. (2001) proposed a thermal differential flat-die forging process. The parts of the forging billets which are supposed to have a high material flow are heated up to hot forging temperature. Parts which are supposed not to have such high material flow are at 'colder' temperatures like 800-900°C. Cold parts of the work-piece remain undeformed. The process benefits from the advantages of cold and hot forging whilst it reduces the disadvantages to a minimum (Kayatürk et al., 2001) . It is thought that the application of the flat-die thermal differential forging process would possibly produce the preform shape of components, either in 'single off' or in small batch, without using a large number of dies. Matzenmiller and Bröcker (2012) performed a thermo-mechanically coupled analysis and sensitivity study of the process. In order to create a simple inductive heating model, in (Matzenmiller and Bröcker, 2012 ) the complete electromagnetic simulation was substituted by equivalent heating sources, given as input in the thermal solution. Previous works in literature, according to authors' knowledge, have dealt with the thermo-mechanical simulations of the process, usually neglecting the electromagnetic solution. On the other hand, typically, only one part of the work-piece was heated up to hot forging temperature. In this paper we focused on the study of different 'hot' and 'cold' zones, trying to reduce to a minimum the transition areas between 'opposite' zones and, as consequence, the energy consumption. The flexibility offered by the inductor's design is here employed for getting a challenging final temperature distribution. Because of the significant amount of design variables, number and position of turns to name the most significant, by hand designing could be limiting and unsatisfying. Therefore, the electromagnetic-thermal process analysis is coupled with an automatic optimal procedure.
In Section 2 is shown the development of the numerical model and the comparison with a uniform heating in terms of efficiency and energy consumption. Section 3 is instead dedicated to the experimental part and the validation of the numerical model. In Section 4 is investigated how the optimisation technique could be employed in the inductor's design. Section 5 summarises and concludes the work.
First case study
The work-piece under analysis is a 42CrMo4 carbon steel billet with 474 mm length and 30 mm diameter. 42CrMo4 is a versatile material, mainly used in automotive and transport equipment due to its strength and high toughness simultaneously. In this first case study experiments are carried out and numerical simulation has been performed with the main aim to validate the model. Looking at the longitudinal direction, the final temperature profile is supposed to have two 'hot' zones separated by a 'cold' one. 'Hot' zones must reach 1100°C, instead the 'cold' ones are expected to have a final temperature in region of 850-950°C. Even if no restrictive assumptions about the size of the zones are made, the desired length of a 'hot' zone is between 60 mm and 80 mm. Since such a heating addresses to forging, the minimum gradient in the radial direction is desirable. The extension of transition areas, of whom existence is inevitable, must be minimised, while in each zone the profile must be as flat as possible. Ideally, the goal of the investigation is to obtain an as much as possible squared temperature profile along the main dimension and, simultaneously, a uniform heating in the radial one.
To satisfy these demands there is a great variety of variables on which it is possible to act. The radial temperature profile is strongly influenced by the frequency and the heating time. The inductor's geometry is the key to differentiate 'hot' and 'cold' zones. As shown in Baake and Mach (2011) , with a single inductor, heating can be concentrated in certain regions adapting the coil section diameter. Bigger section diameters diminish the inductor-work-piece coupling, which results in a lower heating. Another approach could be based on the use of different turns gaps from zone to zone (Scurtu, 2014) . This means, for equal length, more turns and smaller air gap between turns increase the heat sources density.
For all calculations the FEM software package ANSYS® was used. The symmetry of the system suggests to use a 2D axisymmetric model in order to reduce the computation time. The developed numerical model consists of a harmonic electromagnetic analysis coupled with a thermal transient one. Because of the dependency of the relative magnetic permeability on the magnetic field intensity, the electromagnetic analysis has been carried out five times for each time step. By so doing convergence is ensured since the change, in each element, of the magnetic field between the 4th and the 5th iteration was lower than 0.05%. The dependency of the relative magnetic permeability on both temperature and magnetic field is expressed by (Lüdtke, 2013) 
where µ is the relative magnetic permeability, H the magnetic field, T the temperature, T C the Curie temperature, here supposed equal to 760°C.
In the first electromagnetic solution the relative permeability is calculated assuming a magnetic field value of 20 kA/m. In the next steps, in each element, the relative magnetic permeability is adapted to the element average magnetic field which was calculated in the previous solution. Other material parameters involved in the model are electrical resistivity, thermal conductivity and specific heat capacity. Electrical resistivity goes from a value of 24 µΩ*cm at room temperature to 104 µΩ*cm at 1200°C. A noticeable knee is identifiable round 700°C. Thermal conductivity at first lowers from 42 W/m*K to 29 W/m*K around 700°C, then slightly increments with growing temperatures. If the peak at Curie temperature is left out, specific heat capacity remains between 500 J/kg*K and 800 J/kg*K in the range 0-1200°C. Thermal losses were estimated with constant values of emissivity (0.80) and heat transfer coefficient (3 W/m 2 *K). The choice of the frequency is made in relation to the cross section of the body to heat. Too low frequencies reduce the electrical efficiency, while too high frequencies concentrate excessively heat sources on the surface, causing high thermal losses and a not desired radial temperature profile. In case of carbon steel heated up from room temperature to 1200°C, the optimal frequency lies in the interval (Lupi, 2015) :
where D is the diameter expressed in metre. With 30 mm diameter, the frequency chosen is 4 kHz. Smaller gaps between the surface of the heated work-piece and the coil result in better electromagnetic coupling and consequently, higher coil efficiency. Almost all induction coils used for heating of forming metals consist of thermal isolation between the coil and the heated work-piece to protect the coil windings from the heat exposure and providing a thermal barrier. For our laboratory test, 5 mm inductor -work-piece gap represents a reachable value. In industrial applications such small distances are due to insulation of the inductor for working safety reasons not achievable and result in worse electrical efficiency. Rui (2015) proposes in the case of a 300 mm long work-piece with two 'hot' zones and one 'cold' zone, a satisfactory solution using an inductor with five turns in the 'hot' zone and three turns in the 'cold' part. In the case under analysis, with a similar desired temperature distribution but a 474 mm long work-piece, several attempts showed that satisfying results could be achieved using 8-10 turns in the 'hot' zone, and 3 or 4 in the 'cold' zone. The usage of a constant gap, in each zone, between turns simplifies the inductor's geometry with, especially in the 'hot' zone, an unpleasant effect on the temperature profile. The more intense magnetic field in the middle of each zone results in a stronger heating and in a bell-shaped curve temperature profile. Rui (2015) suggests to supply, for a part of the heating, the central turn with a negative current in order to push down the peaky trends. Although the resulting thermal profile is flat and balanced, such method is too complicated for a first practical realisation. As alternative, a greater concentration of turns at the edges, compared to the centre, of each zone, leads to a flatter temperature profile. This expedient will be used in the design of the inductor.
A satisfactory temperature distribution has been reached with a 30 turns coil fed with an assumed constant current of 1000 A applied for 80 seconds. The employed copper profile has an external diameter of 10 mm and 1.5 mm thickness. Thirty turns are so distributed in the coil (Figure 1 ): three in each of the 'cold' zones at the edges, ten in every 'hot' one and the remaining four in the between 'cold' zone. Such result has been achieved with a trial and error approach. In Figure 2 is visible the final temperature along surface and centre in which the surface-centre different never exceeds 20°C and the gradient between the zones is estimated about 150°C. The use of tailored heating as an alternative to a uniform heating permits certainly to save energy since the work-piece is less intensively heated up. The performance of an inductor with the same number of turns, but uniformly distributed along the longitudinal axis, is compared with results obtained in the case of tailored heating. This inductor keeps the same work-piece -coil distance of the previous and is again fed with a current of 1000 A and 4 kHz. The goal temperature is to get a uniform temperature of 1100°C. Numerical results show a total energy consumption of 0.831 kWh and 0.721 kWh in the standard and 'tailored' heating respectively. Surprisingly, 'tailored' heating registered an improvement in terms of better system efficiency. If the electrical efficiency remains unchanged (approx. 0.82), the heating time reduction, which comes from a greater heat source local concentration, enhances the thermal efficiency (0.819 instead of 0.756). An increase of almost 5% has been estimated.
Validation of the numerical model
All numerical simulations were performed assuming constant current. However, experiments were carried out with two different values of constant active output power: 30 kW and 40 kW. The reason why was preferred the power to the current control resides in the intention of measuring the efficiency of the process. Experimental setup is visible in Figure 3 . The power supply used can operate in the range 3.5-8.5 kHz and it consists of a diodes rectifier, a voltage fed inverter, a transformer and a LCL tank. The capacitor bank has a total capacitance of 160 µF. 'Self-made' Ni-NiCr thermocouples (0.5 mm diameter) were used in order to get a relative high value of measurement points. They are located inside 2 mm deep drills to measure surface temperature. The output measured quantities are, besides the temperature, inductor current, frequency and voltage. Figure 4 sums up parameters tendency. New numerical simulations were performed with an imposed value total active power in which, for each time step, a new equivalent current was calculated which was able to provide the same total active power. The running value of frequency was instead computed starting from the work-piece coil inductivity.
In Figure 1 the comparison between simulated and measured temperature after 63 s heating with 40 kW generator output power is shown. If a very good agreement has been reached in the 'cold' zones, in the 'hot' ones the difference oscillates between 10°C and 90°C (8% relative value). Reasons can be found on the one hand in the not exact knowledge of the measuring points, on the other, in the simplifications introduced by an axisymmetric model. Indeed, the insulating material between coil and billet does not guarantee a fixed work-piece position in the both longitudinal and radial direction. The effect of the coil asymmetry tends to shift the work-piece during the heating which results in an evident asymmetry (Figure 1 ). And beyond the measurement errors, possible sources of mistake come from an inaccurate material properties description. 
Second case study: optimal design
The new problem aims to heat the already presented billet with a desired temperature profile: three 'cold' zones must reach a uniform temperature of 900°C which are separated by two 'hot' ones which are supposed to have a uniform temperature of 1200°C. The temperature gradient is so double compared to the first case study. Furthermore, zones are supposed to have a desired length: 90 mm the 'hot' and 76 the 'cold' ones. By so doing, the transition zones are only 15 mm wide. Again it was considered a coupled electromagnetic-thermal model for the field analysis with the package ANSYS®. In contrast to the previous model we are referring now only to one fourth of the system to speed up the solution. For the same reason the dependency of the permeability on H is here neglected. Since it's very difficult to define a priori the inductor configuration (number of turns, air gaps…), here a trial and error approach is not feasible. In the model proposed the inductor is substituted by three nonconductive areas in which of them a uniform current density is applied. Each area could be seen as a one turn inductor and it behaves, in first approximation, as a multi-turns coil. The frequency is again 4 kHz and the heating time values here 70 s. Keeping 80 s would have meant to make it impossible a zone-zone gradient of 300°C with such small transition areas. The width of each non-conductive area is fixed to 10 mm, instead lengths are object of investigation. In total seven design variables have been used: the minimum position of the first areas (l0), the length of each area (l1, l2, l3) and its current density (j1, j2, j3). Table 1 shows intervals in which the design parameters are bounded. NSGA-II (Deb, 2002) has been adopted for carrying out the optimisation procedure. With such a large design variables number a conspicuous population is more effective in sounding out the design space. 50 individuals were so considered. The generations number was set a priori to 30, which entails a 1500 goal functions evaluations. Offspring generation were obtained with SBX (Simulated Binary Crossover) and polynomial mutation with a probability of respectively 0.90 and 0.10. Spread factor was set to 10. Three objective functions measure, in each zone, the greatest difference from the desired temperature at the end of the heating: f 1 refers to 'cold' zone at the centre of the work-piece and f 3 at the end and f 2 to 'hot' one.
As afore-mentioned, T cold * and T hot * are equal to 900°C and 1200°C respectively. No conditions instead were set in the 'transition' between different zones, here assumed 15 mm wide. In Figure 5 is shown the geometry of the numerical model used for temperature field calculation. Results of optimisation show an evident Pareto front ( Figure 6 ). In Table 2 are summarised the design variables and objective values of the best solution. 'l0' is equal to 1 mm, that is the first zone of the inductor starts from the work-piece midpoint. The inductor is, as expectable, longer than the work-piece (27 mm more) in order to provide a uniform temperature at the edges. Goal function values, also in the case of the best solution, are rather big, which is to say the inability of providing such narrow transition zones. This is confirmed by the temperature trend along the centre and surface at the end of the heating. The maximum 'mistake', i.e., goal function value, is reached at the borders of each zone. The previous approach was an artificial stratagem which permitted to know the distribution of magnetic field able to provide the desired tailored heating. Each area could be seen as one turn coil and from obtained results it is possible to firstly estimate the number of coil turns. In fact, assuming a series connection between turns, one can convert every one-turn coil in an equivalent multi-turns coil using the Ampere's law. The total equivalent current (current density times area) which flows in each area is visible in Table 3 . The number of turns in each zone has been chosen as follows: 2 in the central 'cold', 7 in the both 'hot' and 'cold' external one (see Figure 7) . The external diameter of each turn is 10 mm, the internal one is 7 mm. In total there are 16 turns in a half inductor and in each zone turns are equally distributed. The temperature trend obtained after 70 s heating with an imposed current of 1210 A is visible in Figure 8 (b). Not remarkable difference is visible between the equivalent-areas (Figure 8(a) ) and the real inductor (Figure 8(b) ) cases, except in the right end. Although the final thermal profiles look satisfactory, there are still, especially in the central zone, room of improvement. For such a reason, two new optimal problems have been formulated. The main purpose is to act on the turns positions in order to flatten the bell-shaped temperature profiles. A unique optimisation procedure, in which each turn y-position represents one variable, would result in a 16 variables problem. Such a great amount would mean a prohibitive computational cost and remarkable difficulty in managing the problem. The solution we proposed is to split the problem in two optimisation procedures. In the first one, assuming fixed the positions of the turns in the 'cold' zones, like in the previous inductor, turns' positions in the 'hot' zone are tuned in order to get a flatter trend. In the second step instead, the 7 turns in the terminal 'cold' zone are adjusted. The central 'cold' zone turns' positions are instead set in advance. So doing, an optimisation problem with 16 variables has been split in two independent problems of 7 design variables each. In contrast to the previous optimisation problem, here variables are not independent. Since it's not feasible the overlapping between turns, we're dealing with a constrained optimisation case. Assuming, for practical realisation purposes, a reasonable minimum turn-turn distance of 2 mm, if the variables indicate the centre y-position of each turn, constraints are formulated in the form:
In literature many approaches have been tested for handling the constraints. A very direct way would remove the unfeasibility, substituting an unfeasible offspring with a new random feasible one. Especially with a high number of constraints this approach would negatively affect the optimisation procedure. A more robust method doesn't consider the re-positioning of an unfeasible offspring and instead of calculating the goal function, the sum of 'violations' is evaluated. The following strategy is adopted by ranking. When two individuals are compared, if both are feasible, a better fitness is assign to that one with lower objective function value (in the case of single objective problem) or with the better rank (in a multi-objective problem). Vice versa, when two unfeasible individuals are compared, it's preferred that one with a lesser violation of the constraints. Lastly, when a feasible and unfeasible solutions are confronted, the feasible one has in every case a better fitness compared to the other. In recent work, Di Barba et al. (2016) have shown the beneficial impact of introducing new immigrants that can integrate the original population carrying different genes. Using the same basic principle, the two handling constraints mechanisms could be integrated in the following way. With a probability here set equal to 0.1, an unfeasible offspring is here randomly re-initialised in a new one feasible position. Ranking occurs as previously described. This methodology has been employed in the two next optimisation procedures.
Sub-optimisation 1: 'hot' zone
The design variables correspond to the y-centre position of the 7 turns in the 'hot' zone ( Figure 9 ). Table 4 points out boundaries in which design variables can change. In this case the optimisation problem was formulated in terms of a single objective function (5). It estimates the difference between the desired and simulated temperature in the work-piece centre. No wonder turns' y-positions have a minimal influence on the radial temperature distribution.
A standard single genetic algorithm has been used for solving the optimal design problem. A starting population of 40 feasible individuals was considered. After 2000 evaluations the minimum value of goal function was 3550.2°C. With a computational time of about 3 min for each numerical solution, total time for optimisation was around 4 days. Here the corresponding design parameters (Table 5 ) and the surface -centre temperature profiles (Figure 10 ) are shown. The 'hot' zone enlargement is evident when this profile (Figure 10 ) is compared to the last obtained (Figure 8(b) ). As expectable, turns tend to condense at the edges of the 'hot' zone.
Sub-optimisation 2: 'cold' zone
Looking at the temperature trend in Figure 10 it leaps out that in the transition from the 'hot' zone to the external 'cold' one, the trend is not steep enough. On the other hand, in the 'cold' zone the temperature is not flat. As a consequence, in order to enhance the temperature distribution another optimisation procedure has been performed. Tuning the y-positions of the last 7 turns it's possible to get better results.
In Table 6 are summarised the variables under investigation. This optimisation is analogous to the previous one in terms of constraints, algorithm used and population's individuals. Optimisation was stopped after 1500 evaluations since after approximately minimum goal function, which is the same of the previous case, now values 2921°C. Although the profile looks more satisfactory now (Figures 11 and 12(b) ), adjusting the external 'cold' has provoked a light overheating of the 'hot' zone. We were not fully successful trying to get a temperature distribution in which the transition areas are only 15 mm wide because the obtained zones width is around 35 mm. Such a request is likely too challenging. The achieved 'hot' zone is approx. 75 mm large, the external 'cold' one around 67 mm instead the central 'cold' 50 mm. On the other hand, the radial gradient is never larger than 35°C and the profile is in each zone much flat. It has been developed an automatic procedure for getting an optimal design inductor which is able to provide a desired temperature profile, here in a 'tailored' heating application. The first step concerns the use of areas in which a current density is applied as an effective way to simulate a coil or an inductor zone. By this stratagem it's straightforward to implement an optimisation procedure from which is possible to get a first estimation of the necessary current and turns number. A finer tuning of the temperature profile is achievable resorting to modify the turns' positions. Also in this case the coupling between a numerical model and an optimisation algorithm is a winning strategy. The inductor design changed from initial 30 windings to 32 windings in the optimised case. The length of the inductor changed to 582 mm, which means that the windings are extended over the end of the work-piece. This fact shows, that optimisation strategy helps to find non-intuitive solutions in design strategies. Furthermore, the electrical parameter current changed from 1000 A to 1210 A and process parameter heating time changed from 80 s to 70 s. Finally, the temperature profile, especially the temperature gradient in the transition zone could be doubled by gaining at the same time a flat temperature profile in the hot and cold zone.
This optimised 'tailored' temperature profile is in fact crucial for both the correct work-piece shaping and the energy saving. In this particular case study, we estimated a potential reduction of 15% in the energy consumption.
